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EXECUTIVE SUMMARY

Historically vehicle, equipment, aircraft, and ship maintenance activities have used organic
solvents, such as P-D-680, xylene, and methyl ethyl ketone (MEK) to remove dirt, grease, soot,
and burned-on carbon from various parts. As new environmental regulations become stricter on
the use of photo reactive volatile organic compounds (VOCs) and hazardous air pollutants
(HAPs), the use of many organic solvents becomes expensive due to the environmental controls
and reporting requirements needed to meet the new regulations. In recent years, the DOD has
increasingly relied on aqueous-alkaline cleaners to meet new ambient air quality standards,
however, they are not adequate for certain applications as they can cause corrosion of some
metal surfaces. Because of these limitations, the DOD continues to use large quantities of
organic solvent cleaners at a great expense. Due to environmental concerns related to solvent-
based cleaners and performance concerns of aqueous-alkaline cleaners, it is desirable to test and
implement a new class of organic solvents. This new class of solvents, which are
environmentally friendly: (1) do not contribute to emission of VOCs, (2) contain no HAPs, and
(3) meet Department of Defense (DOD) material compatibility and performance criteria.

However, solvent substitution for DOD maintenance activities is a complex process that entails a
great deal of coordination and testing. In order to successfully replace a current solvent with an
environmentally friendly solvent, a well laid out plan must first be developed. To this end, the
Naval Facilities Engineering Service Center (NFESC) was tasked to develop a process that can
be used to ensure successful implementation of environmentally friendly solvents. NFESC
contacted and coordinated with Naval Sea Systems Command (NAVSEA), Naval Air Systems
Command (NAVAIR), Army Environmental Center (AEC), Aberdeen Test Center (ATC), Army
Research Laboratory (ARL), and Air Force Material Command (AFMC) to develop a Joint
Service “Solvent Substitution Methodology.”

The methodology, derived in part from existing information supplied by these DOD agencies,
can be used as a tool for establishing the compatibility, environmental, and cleaning criteria
(referred to as the acceptance criteria) needed to obtain approval and successfully implement
alternative solvents. The methodology focuses on the importance of involving stakeholders in
development of acceptance criteria, test plans, and evaluation of results. This process is not
intended to be used for identifying alternative solvents, but to identify the steps that are critical
for gaining acceptance of alternative solvents for DOD industrial maintenance activities.

If all of these steps are taken and care is exercised throughout this process, solvent substitution
can be realized.
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1.0 BACKGROUND

Historically vehicle, equipment, aircraft, and ship maintenance activities have used organic
solvents, such as P-D-680, xylene, and methyl ethyl ketone (MEK) to remove dirt, grease, soot,
and burned-on carbon from various parts. As new environmental regulations become stricter on
the use of photo reactive volatile organic compounds (VOCs) and hazardous air pollutants
(HAPs), the use of many organic solvents becomes expensive due to the environmental controls
and reporting requirements needed to meet the new regulations. In recent years, the DOD has
increasingly relied on aqueous-alkaline cleaners to meet new ambient air quality standards,
however, they are not adequate for certain applications as they can cause corrosion of some
metal surfaces. Because of these limitations, the DOD continues to use large quantities of
organic solvent cleaners at a great expense. Due to environmental concerns related to solvent-
based cleaners and performance concerns of aqueous-alkaline cleaners, it is desirable to test and
implement a new class of organic solvents. This new class of solvents that are environmentally
friendly: (1) do not contribute to emission of VOCs, (2) contain no HAPs, and (3) meet
Department of Defense (DOD) material compatibility and performance criteria.

However, solvent substitution for DOD maintenance activities is a complex process that entails a
great deal of coordination and testing. In order to successfully replace a current solvent with an
environmentally friendly solvent, a well laid out plan must first be developed.

2.0 INTRODUCTION

The Naval Facilities Engineering Service Center (NFESC) was tasked to develop a process that
can be used to ensure successful implementation of environmentally friendly solvents. NFESC
contacted and coordinated with Naval Sea Systems Command (NAVSEA), Naval Air Systems
Command (NAVAIR), Army Environmental Center (AEC), Aberdeen Test Center (ATC), Army
Research Laboratory (ARL), and Air Force Material Command (AFMC) to develop a Joint
Service “Solvent Substitution Methodology.”

The methodology, derived in part from existing information supplied by these DOD agencies,
can be used as a tool for establishing the compatibility, environmental, and cleaning criteria
(referred to as the acceptance criteria) needed to obtain approval and successfully implement
alternative solvents. The methodology focuses on the importance of involving stakeholders in
development of acceptance criteria, test plans, and evaluation of results. This process is not
intended to be used for identifying alternative solvents, but to identify the steps that are critical
for gaining acceptance of alternative solvents for DOD industrial maintenance activities.

3.0 SOLVENT SUBSTITUTION METHODOLOGY

Appendix A contains the Joint Service Solvent Substitution Methodology flowchart. It details
the necessary steps that must be taken in order to ensure successful implementation. These steps
include identifying major stakeholders, gathering technical data, criteria development,
performing required tests, conducting demonstrations/validations, and the check and balances
that must be executed to ensure successful implementation. Application of the methodology
begins after decision point (A) where a solvent substitution effort has been initiated for a



specified maintenance process, which currently uses a VOC and/or HAP containing solvent.
Efforts to identify maintenance processes and associated solvent usage should be undertaken by
DOD agencies prior to application of this methodology to target the high priority solvent
substitution requirements.

This Joint Service Solvent Substitution Methodology is requirement driven, which means that a
maintenance process warranting an environmentally friendly solvent must be identified before
executing the methodology. Each specific process will have its own unique set of requirements
developed as one follows this methodology. Some processes under investigation may have
commonalities that can be shared in order to reduce implementation costs.

The following sections explain the purpose of each step in the flow chart in Appendix A so its
intent can be fully understood. The section numbers correspond with the appropriate task
identified in the Joint Service Solvent Substitution Methodology flowchart. Keep in mind that
these steps are followed for a solvent substitution within a specific maintenance process.

3.1 Stakeholders Coordination

The first step is to identify and coordinate with process and activity stakeholders required for
gaining acceptance of an alternative solvent. It is of utmost importance to identify your
stakeholders up front. Their concurrence of your recommendations is paramount to the
successful implementation of an alternative solvent. All cognizant stakeholders from different
communities (i.e., specification and process owners, users, program managers, environmental
managers, test evaluators, technology transferors) must be brought to the forefront of this Joint
Service Solvent Substitution Methodology process. They must be involved in all phases of the
Joint Service Solvent Substitution Methodology process. Their requirements, guidance, and
recommendations will be the basis of the process specific acceptance criteria, which they must
ultimately approve.

3.2 Implementation Assessment

Once the stakeholders have been identified, the requirements for implementation of an
alternative solvent must be identified. Once the requirements have been understood, the
complexity and costs associated with implementation can be addressed and the proper steps can
be taken to ensure full implementation/technology transfer. The lack of fully understanding the
implementation requirements can prevent full implementation of successfully demonstrated
technologies. Therefore, it is important that all of the steps required for implementation be
identified in advance. These steps may include, but are not limited to, management, personnel
and/or organizational approval; documentation and process modification; training; and funding
requirements.

33 Process Evaluation
The next step in the methodology is to evaluate the process that will include but not limited to

collecting data such as standard operating procedures (SOP), governing specifications, qualified
products lists, material safety data sheets for the solvent(s), chemical properties for the



solvent(s), performance characteristics, procurement costs, disposal costs, and compliance costs.
This information will be used to develop the acceptance criteria and cost benefits for
implementing an environmentally safe solvent. This information will be used throughout the
Joint Service Solvent Substitution Methodology process.

3.4  Acceptance Criteria

Acceptance criteria need to be established and agreed to by the stakeholders to determine the
requirements for approval of alternative solvents. The acceptance criteria will be developed
based on the specific requirements of the process under investigation. There are four major parts
that make up the acceptance criteria: Environmental, Occupational, Safety, and Health (EOSH)
Criteria; Chemical Properties Criteria; Material Compatibility Criteria; and Cleaning Efficiency
Criteria. This acceptance criteria will be developed based on all the information collected in the
previous task. This information will include but not limited to military specifications, technical
manuals, standard operating procedures, current solvent characteristics, and EOSH
considerations. Any required information that is missing will have to be gathered before the
Acceptance Criteria can be finalized.

In order to assist in the development of the acceptance criteria, a baseline of parameters for the
EOSH Ceriteria, Chemical Properties Criteria, and Material Compatibility Criteria was developed.
Table 1 shows the parameters for the EOSH Criteria, and Chemical Properties Criteria. Some
criteria have been identified as examples. Table 1 can be modified as required.

Table 2 contains a list of the most commonly used material compatibility tests and methods. Use
this list to develop Material Compatibility Criteria. Appendix B contains a comprehensive list of
test methods that can be incorporated when required.

There are various cleaning efficiency test methods that can be used to determine solvent
effectiveness. A list of various test methods available has been provided in Appendix C.

The stakeholders must approve and endorse the acceptance criteria.
3.5 Stakeholders Approval Decision Point (B)

The Acceptance Criteria must be well documented and signed by all stakeholders to ensure
endorsement. The approval process entails a review of the Acceptance Criteria by the
stakeholders. Stakeholders include but not limited to custodians of specifications, process
managers, and environmental managers. Once the concerns and recommendations of the
stakeholders have been addressed and subsequently approved, the next phase can be executed.



Table 1. Environmental, Occupational Safety and Health,
and Chemical Properties Criteria

Screening Parameter Replacement Criteria
Volatile Organic Hazardous Air None
Pollutant
. Ozone Depleting Substance None

Environmental Global Warming Compound
Ozone Formation Potential MIR< Toluene (3.79)
VOC Content <50 g/
Personnel Exposure Limit
Threshold Limit Value

o - Lower/Upper Explosion Limit

S;fi:lgegcl(:ll:alth Flash Point
Warning Odor Below PEL/TLV Yes
Objectionable Odor None
Biocummulative None
Hansens Solubility Parameter
K-Butanol Number

Chemical Composite Partial Pressure (CPP) <5 mm Hg

Property Specific Gravity
Flash Point
Vapor Pressure

3.6 Market Research

After stakeholder approval and endorsement of the Acceptance criteria, a market research for
possible candidates can proceed. Initial investigation can start with accessing the following
databases Solvent Alternative Guide (SAGE), Coating Alternative Guide (CAGE), Significant
New Alternative Policy (SNAP), Program for Assessing the Replacement of Industrial Solvents
(PARIS II), Physical Property Data System (PPDS), and the Air Force’s PROACT. In addition
to these databases, solvent manufacturers can also be directly contacted for product information.
It is very important that all documented technical information is obtained for each solvent
identified so as to permit initial evaluation against the Acceptance Criteria.

3.7 Environmental/Heath Criteria

EOSH properties criteria for all solvent candidates will be compared. The results of the
comparisons will be forwarded to the appropriate stakeholders for review and acceptance in



Decision Point (a). Before any further evaluations will be conducted, the stakeholders must
approve the EOSH aspect of the solvents. If there are solvents that do not meet all of the criteria,
it will be up to the stakeholders to decide whether or not to further evaluate the solvent. See
Acceptance Criteria for desired EOSH properties.

3.8  Chemical Property Criteria

Chemical properties for all solvent candidates will be determined and compared against the
Chemical Properties Criteria. The results of the comparisons will be forwarded to the
appropriate stakeholders for review and acceptance in Decision Point (b). Before any further
evaluations will be permitted, the stakeholders must approve the solvents chemical properties. If
there are solvents that do not meet all of the criteria, it will be up to the stakeholders to determine
whether or not to further evaluate the solvent. Refer to the Acceptance Criteria for chemical
properties of interest.

3.9  Compatibility Testing

All solvent candidates will be tested according to the Material Compatibility Criteria. The
results of the comparisons will be forwarded to the appropriate stakeholders for review and
acceptance in Decision Point (c). Before any further evaluations will be permitted, the
stakeholders must approve the compatibility aspect of the solvents. If there are solvents that do
not meet all of the criteria, it will be up to the stakeholders to determine whether or not to further
evaluate the solvent. Refer to Acceptance Criteria for compatibility test criteria.

3.10 Cleaning Efficiency

All solvent candidates will be tested for cleaning efficiency. The results of the cleaning
efficiency will be forwarded to the appropriate stakeholders for review and acceptance in
Decision Point (d). Before any further evaluations will be permitted, the stakeholders must
approve the cleaning efficiency of the solvents. If there are solvents that do not meet all of the
criteria, it will be up to the stakeholders to determine whether or not to further evaluate the
solvent.

3.11 Demonstration Plan Development

A demonstration plan must be developed for any candidate solvent based on the specific process.
The demonstration plan should include, but is not limited to, site location, details of the current
cleaning process, description of the candidate solvent, parts to be cleaned, how they will be
cleaned, and how the solvent will be evaluated. Before proceeding, the appropriate stakeholders
must approve the completed demonstration plan.



Table 2
Preliminary Material Compatibility Tests and Methods

TEST METHOD
Total Immersion Corrosion ASTM F-483
Hot Dip Galvanizing Corrosion ASTM F-483
Low Embrittling Cadmium Plate Corrosion ASTM F-1111
Elevated Temperature Corrosion/Stock Loss SAE ARP 1755
Sandwich Corrosion ASTM F-1110
Hydrogen Embrittlement ASTM F-519
Effects on Unpainted Surfaces ASTM F-485
Copper Corrosion ASTM D-130
Titanium stress corrosion ASTM F-945
Corrosiveness Spec Specific
Effects on Painted Surfaces ASTM F-502
Effects on Coated Wire and Heat Shrink Tubing |ASTM D-6361 App X1
Effects on Acrylic Plastics ASTM F-484
Effects on Polycarbonate Plastic ASTM F-484
Rubber Compatibility — Durometer Hardness ASTM D-2240, D-395, D-471
Flash Point ASTM D-92-90/D-56/D-93/D-3278
Solvent Vapor Pressure ASTM-D-5191/D-2879
PH ASTM E-70
Phenolic Compounds ASTM-D-1783, Method B/EPA Method 420.1
Appearance MIL-C-29602
Drying Point (Distillation) ASTM D-86
Water by Distillation (Water Content) ASTM D-95
Free fluoride ion ASTM-D-3443
Toxicity AR 40-5
Volatile Organic Compounds EPA Method 8260A
Storage Spec Specific
Cold Stability/Low Temperature Stability ADS-61 Draft/MIL-PRF-87937C
Heat Stability/Accelerated Storage Stability ADS-61 Draft/MIL-PRF-87937C
Non-Volatile Residues ASTM D-1353/D-2109/F-331
Odor ASTM D-1296
Biodegradability 40 CFR 796.3100 or 796.3240
Chlorine Content Spec Specific
Foaming Properties Spec Specific
Hard Water Stability Spec Specific
Cleaning Efficiency Spec Specific
Emulsion Characteristics Spec Specific

Note: Table 2 compiled from Commercial Item Descriptions: A-A-50425, A-A-50427, A-A-59150A, A-A-59281, A-A-59601A; Military
Specifications: MIL-C-29602, MIL-C-43616C, MIL-C-81302D, MIL-DTL-24800; Performance Specifications: MIL-PRF-11090G, MIL-PRF-
29607, MIL-PRF-29608, MIL-PRF-372D, MIL-PRF-680, MIL-PRF-6864D, MIL-PRF-85570D, MIL-PRF-87937D; Industry Standards: SAE-
AMS-3166B, SAE-AMS-C-19853, SAE-AMS-C-29602 and U.S. Army Aberdeen Test Center, Alternative Cleaner Materials Compatibility
Evaluation Program.



3.12 Stakeholders Approval Decision Point (C)

The demonstration plan must go through an approval process. The approval process entails a
review of the demonstration plan by the appropriate stakeholders, which can include users,
custodians of specifications, process managers, and environmental managers. Once the concerns
and recommendations of the stakeholders have been addressed and subsequently approved, the
next phase can be executed.

3.13 Demonstration/Validation

Perform the process demonstration and determine if it was successful. Items to consider while
performing the demonstration include: additional steps required from status quo, additional
equipment needed, ease of use (operator/artesian acceptance), and life cycle costs. Once the
demonstration has been completed, document the results and submit to the appropriate
stakeholders for approval.

3.14 Stakeholders Approval Decision Point (D)

The appropriate stakeholders must review the demonstration results. Once the concerns and
recommendations of the stakeholders have been addressed and subsequently approved, the next
phase can be executed.

3.15 Implementation

Work with the stakeholders to modify the appropriate documents identified in the assessment
phase. Disseminate information through reports, publications, conferences, and working groups.
Ensure the substitute solvent has a National Stock Number (NSN) and is listed with the Defense
Logistics Agency (DLA), General Services Administration (GSA), and Naval Inventory Control
Point (NAVICP).

4.0 CONCLUSION

If all of these steps are taken and care is exercised throughout this process, solvent substitution
can be realized.
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JOINT SERVICE SOLVENT SUBSTITUTION METHODOLOGY FLOWCHART
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JOINT SERVICES SOLVENT SUBSTITUTION METHODOLOGY
COMPREHENSIVE MATERIAL COMPATIBILITY TEST METHODS

TEST

METHOD

Total Immersion Corrosion

ASTM F-483-98

Hot Dip Galvanizing Corrosion

ASTM F-483-98

Low Embrittling Cadmium Plate Corrosion

ASTM F-1111-88 (1998)

Elevated Temperature Corrosion/Stock Loss

SAE ARP 1755-00

Sandwich Corrosion

ASTM F-1110-90 (1998)

Hydrogen Embrittlement

ASTM F-519-97

Effects on Unpainted Surfaces

ASTM F-485-98

Stress Corrosion

ASTM G-44-99 (Modified per ASTM D-6361-98 App X2)

Stress Corrosion

ASTM-G-38

Copper Corrosion

ASTM D-130-94 (2000)

Steel Corrosion

ASTM D-130-94 (2000)

Bimetal Corrosion

FED-STD-791C, Test Method 5322.2

Titanium stress corrosion

ASTM F-945

Corrosiveness

Spec. Specific

Corrosiveness Between Faying Surfaces

Spec. Specific

Solder Corrosion

Spec. Specific

Corrosion protection, Humidity Cabinet

Spec. Specific

Effects on Painted Surfaces

ASTM F-502-93(1998)

Attack on Paint

Spec. Specific

Effects on Coated Wire and Heat Shrink Tubing

ASTM D-6361 App X1

Effects on Acrylic Plastics

ASTM F-484-83 (1998)

Effects on Polycarbonate Plastic

ASTM F-484-83 (1998)

Plastic Compatibiity

ASTM-D-543

Effects on Polysulfide Sealants

ASTM D-6361 App X3

Effect on Elastomers

Spec. Specific

Rubber Compatibility - Durometer Hardness

ASTM D-2240-95, D-395, D-471

Rubber Compatibility - Compression Set

ASTM D-2240-95, D-395

Rubber Compatibility - Mass, Volume and Dimension
Change

ASTM D-471

Rubber Compatibility - Mechanical Properties

ASTM D-471, D-412

Effects on Polychlorotrifluoroethylene (PCTFE), ASTM D-638
Tensile Strength and Elongation
Effects on PCTFE, Impact Strength ASTM D256

Effects on PCTFE, Specific Gravity

ASTM D-792-98

Effects on PCTFE, Dimensional Stability

ASTM D-792-98

Effects on Single Component Sealing, Locking, and
Retaining Compounds

MIL-S-22473E

Flash Point ASTM D-92-90

Flash Point ASTM D-56

Flash Point ASTM D-93

Flash Point FED-STD-791, Test Method 1101
Flash Point ASTM-D-3278

Solvent Vapor Pressure ASTM-D-5191

'Vapor pressure ASTM D-2879

pH ASTM E-70-90

Phenolic Compounds

ASTM-D-1783, Method B

Phenol Content

Spec. Specific

B-2




TEST

METHOD

Total phenol content

EPA Method 420.1

Constituents Fourier Transform Infrared Spectroscopy (FTIR) Analysis
Appearance MIL-C-29602 (Spec. Specific)

Color ASTM D-156

Drying Point (Distillation) ASTM D-86-96

'Water by Distillation (Water Content) ASTM D-95-70

Boiling Point ASTM-D-1120

Boiling Point ASTM-D-1078

Pour Point ASTM-D-97

Chemical Purity ASTM-D-3447

Moisture Content

ASTM-D-3446 (Withdrawn, No Replacement)

Moisture Content

ASTM-D-3401

Moisture Content ASTM-D-460

Acid Number ASTM-D-3444

Particle matter ASTM-F-661 (Discontinued, No Replacement)
Toxicity AR 40-5

'Volatile Organic Compounds EPA Method 8260A

Volatile Organic Compounds ASTM-D-3960

Total Dichlorobenzene content

EPA Method 3585, 8260B

Total Benzene content

EPA Method 3585, 8260B

Total Trichloroethylene

EPA Method 3585, 8260B

Total Tetrachloroethylene

EPA Method 3585, 8260B

Concentration of Benzene

Spec. Specific

Concentration of Toluene

Spec. Specific

Storage

Spec. Specific

Cold Stability/Low Temperature Stability

ADS-61 Draft/MIL-PRF-87937C

Heat Stability/Accelerated Storage Stability

ADS-61 Draft/MIL-PRF-87937C

Freezing Stability Spec. Specific
Heating Stability Spec. Specific
Residue ASTM-D-3445 (Replaced by ASTM-D-2109)

Non-Volatile Residues

ASTM D-1353

Non-Volatile Residues

ASTM-D-2109

Non-Volatile Residues

ASTM-F-331

Visible Residue (Water Break Free)

ASTM F-22-65 Modified

Visible Dry Residue

Spec. Specific

Non-Volatile Content ASTM D-2834
Non-Volatile Content ASTM-D-2834
Non-Volatile Matter Spec. Specific
Kauri-butanol value ASTM D-1133
Apparent specific gravity ASTM D-1298
Specific Gravity ASTM-D-891
Odor ASTM D-1296
Aromatic content ASTM-D-1319.
Aromatic content ASTM D-3257
Acidity ASTM D-847
Doctor test ASTM D-235
Soil cleaning test (Relative Solvency) US Army Soil Test Method

Soil Test

Spec. Specific

Soil Removal

Spec. Specific
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TEST

METHOD

Biodegradability 40 CFR 796.3100 or 796.3240
Chlorine in New and Used Petroleum Products (Bomb [ASTM-D-808
Method)

Free fluoride ion ASTM-D-3443
Chloride Ion in Water ASTM-D-512, Method A
Chlorine Content Spec. Specific
Foaming Properties Spec. Specific
Hard Water Stability Spec. Specific
Water Tolerance Spec. Specific
Cleaning Efficiency Spec. Specific
Insoluble Matter Spec. Specific
Solubility Spec. Specific
Residue Rinsibility Spec. Specific
Emulsion Characteristics Spec. Specific
Consistency Spec. Specific
Sprayability Spec. Specific
'Wet Adhesion Tape Test Spec. Specific
Effect on Salt Coated Surfaces Spec. Specific
Volatility Spec. Specific
Flamability ASTM-G-72
Flamability Spec. Specific
Effects on Gasket Materials UL QGDS/QKKR

Hydrophile Lipophilc Balance (HLB)

Hansen Solubility Parameter

Allowable constituents

FED-STD-141, Test Method 7356.1

Composition ASTM-D-3545

Coating Adhesion FED-STD-141, Test Method 6301.2
Effects on Bonding ASTM D-3167-93, ASTM D3933-93
Effects on Sealant Peel Strength

Fluorescent Penetration Inspection ADS-61-PRF

Aniline point ASTM-D-611

Viscosity ASTM-D-445

Carbon Removal

Spec. Specific

Lacquer Removal

Spec. Specific

Effect on Heresite

Spec. Specific

'Water Content ASTM-D-1364
Refractive Index ASTM-D-1218
Density ASTM-D-1475
Acidity ASTM-D-1613

Removal of Uncured Sealant

Spec. Specific

Removal of AMS 3100 Adhesion Promoter

Spec. Specific
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APPENDIX C
Cleaning Efficiency Test Methods

“Is It Clean? Testing for Cleanliness of Metal Surfaces,”
by Anselm T. Kuhn

(Reprinted with permission from Metal Finishing Magazine,
Copyright 1993 by Elsevier Science, Inc.)
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Is It Clean? Testing for Cleanliness of Metal

Surfaces

by Anselm T. Kuhn,

Finishing Publications Ltd., Stevenage, Hertfordshire, England

CLEANLINESS:
UNGLAMOROUS BUT VITAL!

egular readers of Metal Finish-
ang would probably find it

impossible to locate a single
issue of the journal in which, one way
or another, the cleaning of metals prior
to their subsequent surface treatment is
not mentioned somewhere. Expert
after expert delivers the same simple
message—poor cleaning is the most
common single cause of defect inci-
dence or coating failures. Among the
most common failures from poor
cleaning, we can mention poor adhe-
sion of coatings, poor corrosion resis-
tance, blistering and pitting, failure to
pass specification/standards tests and
stained and/or irregular coatings.

To make matters worse, very few
metal-finishing processes today are
based on a single coating. Duplex
metal coatings, metal plus conversion
coatings or metal plus organic coatings
are commonly found combinations.
When these fail, it is mostly the outer
layer that manifests the failure—but
what is the real cause? All too often, it
goes right back to the lowest of the
coatings—and the cause is incorrect
cleaning. Troubleshooting such situa-
tions is an exercise most finishers
(except those who fancy themselves as
“private eyes’) can do without.

All of the foregoing is as true today
as it has been since finishing began;
but thanks to new environmental legis-
lation, nearly all metal finishers in the
United States and Europe have
changed (or are about to change) their
cleaning technologies. This might
mean new equipment using traditional
organic chlorinated solvents, such that
their escape into the atmosphere is
controlled. It might mean new organic
solvents, such as terpenes, or aqueous
or semiaqueous cleaning systems.
Metal finishing has been getting mixed
messages on this front. Some finishers
who have converted to aqueous or
semiaqueous systems have expressed

themselves as totally satisfied. Others
grudgingly accept that the new meth-
ods will do the job but still consider
that solvent cleaning gave a cleaner
surface or was more ‘“‘forgiving” to
operate as a process. We have even
heard of a handful of plants that,
having made the switch, reverted to
solvent cleaning after what they saw as
a disastrous experiment. Whichever
the case, now more than ever, metal
finishers should be on their toes and
asking themselves, “Is it clean?”

What Do We Mean by “Clean”?
The answer to this question depends
on the metal-finishing process 'se-

- quence being used. The most common

form of surface contamination is oils or
greases that originate from mechanical
processing, such as rolling, or are
deliberately applied as a temporary
protective coating for storage or ship-
ping. Mold-release agents are another

. source of such films and, if based on

silicones, are arguably the most diffi-
cult to remove of all such films
encountered by the finisher. Films of
organic coatings such as these are bad
news for nearly all metal-finishing
processes. The only exception that
comes to mind involves solutions
containing strong oxidizing agents
such as chromic acid, so chromium
plating (but not the nickel deposition
that usually precedes it) and chromic
acid anodizing are two treatment proc-
esses that can probably tolerate the
presence of organic film contaminants,
although, even here, no one is suggest-
ing that this should be put to the test.
Other forms of surface contamina-
tion can broadly be classified as
“chemical” (e.g, oxides) or “particu-
late” (dust). Of these, one can make
the following comments. Oxides and
hydroxides will be removed by
cathodic cleaning, by pickling or in-
deed by the cathodic nature of elec-
trodeposition processes themselves.
Particulates can give rise to plating

problems, causing rough deposits and
sometimes pits; however, unlike or-
ganic films, they can readily be seen
either with the naked eye or with a
low-power magnifying glass. Ascer-
taining their presence on the surface
therefore presents no great challenge.
In short, in mainstream metal finishing,
the presence of organic films is both
inimical to successful finishing and
difficult to detect.

In the printed circuit board (PCB)
and related industries, organic contam-
ination as described above is equally
undesirable, insofar as electroplating
and electroless deposition are key
operations; however, a totally different
form of surface contamination is no
less critical, namely that due to inor-
ganic salts, usually as a result of
incomplete rinsing from preceding -
plating operations. Such residues, on
the surface of a PCB, permit the
passage of stray (‘“‘parasitic’’) currents
that can cause premature failure as a
result of corrosion (these salts are
frequently hygroscopic). This process
is sometimes known as ‘‘tracking.”

To detect such contaminants, the
PCB industry has evolved standard test
patterns for measurement of surface

" insulation resistance. In addition, con-

ductivity measurements of rinse water
provide a means by which the danger
of low surface insulation resistance
values can be signaled. The Institute
for Interconnecting and Packaging
Electronic Circuits coordinates such
standards for the industry. Mainstream
finishers in the United States, the
United Kingdom and most other coun-
tries have no American Society for
Testing and Materials specification or
similar standard to guide them.

How Clean Should a Surface Be?

There have been various attempts to
provide a quantitative basis for meas-
uring surface cleanliness; however,
any such units must to some extent
depend on the nature of the soil and the
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method used for its measurement (e.g.,
chemical or physical). There is thus no
simple answer to the question of how
clean a surface should be, beyond
suggesting that if a suitable test has
been found, the results of that test can
be matched to the performance of
whatever surface treatment is subse-
quently applied. Without doubt, some
processes are far more sensitive to the
presence of soiled surfaces than others.
In some cases, the actual surface
treatment process incorporates its own
cleaning action.

Vacuum-based methods are also a
possibility for cleaning surfaces. Even
in a moderate vacuum, lowering total
pressure will increase the rate of
evaporation of an organic from the
surface, although this may still take
many hours to volatilize completely. In
electron or ion beam or plasma meth-
ods, the surface can be bombarded with
jons such as argon that are highly
effective in providing a new and
therefore clean surface.

As a generalization, it is probably
true that water-based coating processes
are more sensitive to even monolayers
of organic surface contamination than
solvent-based paint processes. In the
latter case, because there will almost
certainly be some mutual solubility
between the organic contaminant and
the solvent in the paint, the ‘‘barrier”
effect that operates in the case of
aqueous processes will largely disap-
pear.

METHODS FOR MEASURING
SURFACE CLEANLINESS

The importance of being able to
assess surface cleanliness was recog-
nized early in the 19th century. In
surveying the literature on the subject,
there is no doubt that a high point was
the American Electroplaters and Sur-
face Finishers Society (AESF)-spon-
sored research project in the early
1950s, headed by H. B. Linford. This
project, a model of its kind, started
with an exhaustive review of the
literature, went on to make a quantita-
tive comparison of the various tests
and concluded by suggesting modifica-
tions to some of the older methods. The
results were published in successive
issues of Plating!™13 and were also
issued by the AESF in booklet form.

The first industrially significant test
for surface cleanliness goes back to the

American Civil War, when photogra-
phers recognized the importance of
having clean glass plates before appli-
cation of the photographic emulsion to
the plate surface.!? Since then, a num-
ber of methods have been developed
for measuring surface cleanliness.

Visual (optical, microscopic)
Water break

Spray/atomizer

Fluorescence

Contact angle

Radiotracer

Stimulated electron emission
Attenuated total reflection spec-
troscopy

Combustion and carbon dioxide
analysis

Surface conductivity

Scanning electron microscopy
Auger spectroscopy, ESCA
Ellipsometry

Analysis of washings

Copper displacement

Dye methods

Other

These methods can be characterized
in two different ways. First, there are
complex methods that can only be
carried out in well-equipped laborato-
ries. These contrast with the simpler
methods that were devised to be used
either on the production line or in a
very modestly equipped production
laboratory. Second, there are methods
that indicate only the degree of cleanli-
ness, without offering any insight into
the nature of the contaminant, in
contrast with other techniques that
actually provide a degree of ‘“‘chemi-
cal” information. Examples are (in the
first category) techniques that measure
wetting or contact angle and (in the
second category) attenuated total re-
flection spectroscopy.

Although the purpose of this report
is to provide the most extensive over-
view possible of such methods, the
simpler methods are emphasized. For
those with the means and resources to
pursue the more complex techniques,
the relevant literature is cited.

OVERVIEW OF SIMPLE
METHODS

The following methods can usually
be implemented without any special-
ized equipment. They are at best
semiquantitative, at worst subjective.

Visual and Optical Inspection

Visual inspection of a bright metal
surface by eye reveals only the grossest
soils. Neither passive oxide films nor
thin layers of grease are thus to be seen.
Ellis!* mentions such inspection as
well as that enhanced by the use of a
hand-held magnifier. Although the lat-
ter enables finer particulate soils to be
seen, the invisibility of oxide or grease
layers remains. Even if an optical
microscope is used, this is still true,
and although the latter allows particles
down to the limit of optical resolution
(governed by the wavelength of light)
to be seen, care must be taken that
airborne dust particles do not falsify
the results by settling on the test
surface during the examination or
while the sample is in transit to the
microscope.

Another visual method is to wipe the
surface with a paper tissue or a piece of
white cloth, such as cheesecloth, which
can then be inspected by eye or with a
magnifying glass. A white cotton glove
can also be used. This approach has
been described by Linford and Saube-
stre.” In cases where the sample is not
bright and smooth, visual examination
is of little use, whereas the wiping
method may provide some insights.

Even the simple approach based on
wiping can be made quantitative, as
suggested by Brandon.!> A pressure-
sensitive tape is used to pick up
particulate soil and this is then viewed
in a densitometer, which records the
change in optical density resulting
from pickup of the soil.

Wetting Behavior

A clean metal surface is ‘“‘hydro-
philic” and will thus be fully “wet-
ted” by water. The presence of grease
will prevent this, and, rather than
spreading as a uniform thin film, the
water or moisture will break up into
discrete droplets. Passive oxide layers
behave no differently from pure metal
in this respect, and water wetting is
thus not a test for the presence of such
layers. From this principle, a number
of tests have been devised.

Breath Test

Simply by breathing onto a surface
and observing the result, a judgment on
cleanliness can be formed. A clean
surface produces a uniform clouding.
A greasy one will show droplets.
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Water-Break Test

Water is applied to the metal sur-
face, usually inclined at approximately
45° to the vertical. The formation of
discrete droplets suggests the presence
of hydrophobic impurities on the sur-
face, usually of long-chain hydrocar-
bons. Lutter!® points out that another
cause may be the use of hard water.
Calcium ions can react with long-chain
fatty acids to form hydrophobic metal
soaps. If this is suspected, the test
should be repeated with deionized
water. Lutter makes the further point
that, in plants fitted with recycled
water from an ion-exchange unit, there
is the danger that although calcium
ions are removed, the concentrations of
nonionic surfactants will build up, and
these can interfere with the test.

Cohen and Hook!” make the point
that this test will not detect contamina-
tion by soaps or surfactants, nor will it
detect water-wettable particles, such as
rust, oxides or other finely divided
metals. In the same way, the presence
of surfactants in the water used for this
test will interfere with the results. In
some cases, the use of water is undesir-
able because it can cause rapid rusting.
Cohen and Hook also mention that the
thinner the water film used in this test,
the more sensitive it is, Still other
weaknesses in this test are due to
“bridging” of a small contaminated
area by a film of water.

In another version, described by
Linford and Saubestre, panels are rap-
idly removed from the test bath, and
the number of seconds for water break
to occur are noted. Panels are with-
drawn vertically and should be so held
above the solution. Alternatively, after
withdrawal, they can be inclined at
45°, with water from a wash bottle
being applied, thus flooding the sur-
face for approximately 20 sec. Linford
and Saubestre’ suggest that the latter
method has a slight drawback because
it allows oil to migrate downward
during the test procedure.

Spray Pattern or Mist Test

This test, although similar to the
water-break test, is less sensitive to the
presence of soaps or surfactants and
thus forms a better basis for a simple,
routine works test. The wetted metal
surface is sprayed from a distance of 60
cm with distilled water from a spray
gun operated at 0.6-1.0-kg/cm? air
pressure for 30-50 sec. The resulting

patterns are observed. Two variations
are described by Lutter.!6 In the first,
which increases the sensitivity of this
test, the metal is previously etched in
1% hydrochloric acid. In the second,
the spray water is dyed with approxi-
mately 0.1% of a blue dyestuff.!?
Cohen and Hook!7 describe how the
method can be made quantitative by
placing a sprayed panel inside a view-
ing box with a grid of 100 squares and
tracing the pattern with a pencil. The
number of squares appearing clean are
counted, and this procedure is averaged
over five panels. The result, expressed
as a number (out of 100), was named
the “cleanliness index” by Linford
and Saubestre.> An alternative proce-
dure, described by Linford and Saube-
stre, is to spray the panel after carrying
out a water-break test for approxi-
mately 15 sec. Because the panels hang
vertically, evaporation to dryness be-
gins at the top of the panel and works
its way downward until only drops at
the bottom remain. The thickness of
the resident water film is thus related to
its position on the panel, and the spray
pattern test is more sensitive near the
top of the panel (where the film is thin).
Even the slightest trace of oil droplets
near the top of the panel can cause
quite widespread areas being formed in
the spray pattern, whereas near the
bottom, the water droplets only form
directly above the oil droplet. This
makes the time factor critical. In
laboratory conditions, clean areas will
typically remain wetted for up to a
minute, after which dry patches will
appear, initially at the top edge of the
panel; however, if spraying is com-
menced too soon (less than 45 sec after
drainage), some areas of potential
water break may still be wetted be-
cause there is still a fairly thick water
film on the surface.

Atomizer Test

This variant of the spray pattern test
was devised by Linford and Saube-
stre.’ The test is applied to a dry, not a
wetted, surface. The resulting wetting
action requires a higher surface energy
than for the already wetted surface of
the spray test. In consequence, this test
is more sensitive to the presence of
small amounts of grease, etc. Cleanli-
ness can be assessed in terms of the
area of wetted surface and also by
estimation of the contact angle of
residual nonwetted water droplets.®

Mercury Droplet Wetting Test

If a droplet of mercury is placed on
a truly clean metal surface, it will
spread. The presence of grease will
cause it to retain a roughly spherical
shape. The same is true (and here the
mercury behaves unlike water) if oxide
films are present at the surface.

Talc Test

The smooth surface to be tested
(metallic or nonmetallic) is lowered
vertically into a container of water, the
surface of which has been dusted
lightly with talc. The interaction of the
talc particles with the smooth surface is
observed. This method has been de-
scribed by Donelson and Neish.!®

Another use of talc or lycopodium
powder is described by Lutter.10 This is
not used directly as a cleanliness test
but to detect the presence of oily layers
on the surface of a cleaning bath. It will
be evident that where such layers are
present, however much a metal is
cleaned by immersion in solution, on
being raised from the cleaning solu-
tion, it will pass through such oily
films and be contaminated by them.
According to Lutter, when paraffins or
other nonpolar hydrocarbons are pre-
sent on the surface, they form spherical
or lens-shaped globules. In the pres-
ence of polar substances, such as
drawing lubricants, the hydrophobic
dust particles are displaced.

Copper Displacement Test

If a metal such as steel is immersed
in an aqueous solution of copper
sulfate, a so-called ‘““displacement re-
action” will take place—a pair of
coupled electrochemical reactions in
which the less noble metal (the steel) is
anodically dissolved, to be replaced by
the more noble metal (copper) deposit-
ing from solution. The old school trick
of immersing a copper coin in a
solution of silver nitrate to produce a
silver coating is another example. If,
however, the metal surface is obscured
by a layer of grease, this exchange
reaction will be impeded or may not
take place at all. Linford and Saubestra
recommend the following solution
composition: 63 g/ copper sulfate
(pentahydrate) and 17 g/L sulfuric
acid.

The panels are dipped rapidly into
solution, held motionless for 10 sec
and then removed rapidly and trans-
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ferred to a beaker of distilled water in
which they are agitated for 15 sec.
They are then hung vertically, washed
for 20 sec with water from a wash
bottle and allowed to dry, preferably
using radiant heat from a bright light
source, for example. Ether extraction is
used to remove any remaining oil
patches, and the panels are then exam-
ined.

Potassium Ferricyanide Test
(Ferrous Surfaces Only)

Rag-bond paper is cut into strips
approximately 6 x 12 cm. It is coated
on one side with a solution of 50 g/L
crystalline white gelatin and 50 g/L
sodium chloride (chemically pure
grade will do). The strips are laid flat
on a sheet of glass, and a glass rod,
dipped in solution, is rolled from one
side to the other. This process is
repeated four times. The paper is then
allowed to dry and can be stored ready
for use. Before testing, the paper is
soaked for up to half an hour in the
following solution: 50 g/L sodium
chloride, 10 g/L potassium ferricya-
‘nide and 1 g/ hydrochloric acid.
Linford and Saubestre’ make the point
that it is wise to include acid in the
above formulation because, should it
be omitted, the blue color formed tends
to be streaky and light, making the
identification of oily patches difficult.

The test piece (a metal panel) is laid
flat on a piece of glass, and the
impregnated paper is applied to its
surface, with the gelatin-coated side in
contact with the metal. A glass rod
covered with an 8-cm length of rubber
tubing is rubbed briskly over the metal
surface for approximately 15 sec. Ad-
ditional test solution is poured over the
paper until it is completely remois-
tened. After 3 min of contact, the paper
is removed and allowed to dry. Clean
areas will be relatively dark blue on the
" test paper, whereas oil-contaminated
regions will appear as colorless or
yellowish zones. No notice should be
taken of the odd streakiness in blue
zones, which may be due to poor
surface contact, bad drying or oxida-
tion. This is especially true with re-
spect to the areas close to the edges. If
the time of contact is too long, the blue
color will partly disappear.

Linford and Saubestre suggest an
alternative procedure (generally less
satisfactory), and this is to dip the

panel, after testing, into 1 vol %
hydrochloric acid and study the blue
pattern. Pollack and Westphal?® quote,
as a source of information, an article by
Macnaughton.?!

Fluorescence Test

Some mineral oils and greases will
fluoresce in UV light, and this has been
used as a quantitative means of esti-
mating the amounts present.??2 For
those greases (mainly animal or vege-
table) that do not themselves fluoresce,
use of a hydrocarbon-soluble indicator
dyestuff may be made. Typically, UV
radiation of approximately 365 nm is
used. In its crudest form, a subjective
assessment can be made using com-
mercially available UV light sources.
To place the test on a quantitative
basis, the results are photographically
recorded, using a UV filter. The sensi-
tivity of the method is linked to the
length of the photographic exposure,
which can range from 1 min to 1 hr.
Such time extension increases the
sensitivity by approximately 15 times
and allows residues of some 0.12 g/m?
to be measured.?? Since the time that
this sensitivity was quoted, there have
been advances in both film sensitivity
and fluorescence activity of dyes. One
would therefore expect even lower
amounts of soil to be detected.

Linford and Saubestre™ used both
mineral and lard oils to test degreasing
procedures, and both of these are only
faintly fluorescent in UV. They there-
fore used the dye fluorescent green
HW. Although this is described as
being “oil soluble,” they found it
impossible to dissolve sufficiently high
concentrations and therefore resorted
to an indirect technique. Approxi-
mately 1.7 g of dye was dissolved in 50
ml of solvent (Linford and Saubestre
used benzene, which would almost
certainly be prohibited today). This
solution was then heated over a water
bath until its volume was reduced to
approximately & ml. A refluxing action
down the container walls prevented
crystallization of the dye. This concen-
trated solution was clear, dark red and
free-flowing. While it was still hot,
some 400 ml of oil was added to the
beaker, and this solution was used for
testing. In the case of mineral oil, some
precipitation was occasionally seen
after a few days, and this was removed
by decantation or similar methods.

Animal fats did not produce similar
solids.

Lutter'® makes the point that be-
cause such a wide range of organic
compounds fluoresce, the presence of
dust particles can interfere. Likewise,
many surfactants will fluoresce, and
these will give false indications even
where they are present as fully water-
soluble species. A further criticism of
the test is that hydrocarbon-soluble
dyestuffs can be water solubilized by
synergistic effects (i.e., made hydro-
philic). In consequence, the degreasing
solution and, equally, the adherent
water layer on the test sample being
withdrawn from it, may contain such
water-solubilized dyestuffs, which, be-
cause they fluoresce, will again inter-
fere with the test.2*

Dye Test

This test, again described by Lut-
ter,'6 seems little known outside Ger-
many. A sample of the cleaning solu-
tion is placed in a beaker and raised to
its prescribed operating temperature. A
sample of metal for degreasing is then
introduced. As a result, the heavy soil
components (some inorganic, some

‘organic) settle at the bottom of the

beaker, whereas lighter oily compo-
nents float on the surface. An oil-

soluble, water-insoluble dye is then

added, such as Sudan blue. This colors
the hydrophobic phase as well as
surface films of metal soaps or mono-
molecular layers, rendering them visi-
ble. The bath is then stirred, using a
magnetic stirrer. To facilitate compari-
son, a constant stirring speed should be
set. By study of the system, especially
from the size of the droplets of the
blue-dyed oily phase, the surface en-
ergy and thus the cleaning efficacy of
the solution can be judged. The smaller
the droplet size, the better it is. After
stirring is switched off, the time for the
emulsion to re-form is noted. Baths
with strong cleaning effect can main-
tain the oil droplets in suspension for
longer or even maintain the emulsified
state, as shown by cloudiness of the
solution. Depending on the type of
cleaning solution used, emulsions can
be stable for hours, even days, before
breaking up to give a discrete oily
phase.

High-capacity cleaning baths are
characterized by a transparent and
stable blue-colored colloidal solution,
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the presence of which can be verified
by a Tyndall effect. A further refine-
ment of this test is as follows. A
sample of the work being cleaned is
withdrawn from the solution. The dyed
liquid droplets should all roll off the
surface; residual oil droplets can be
easily detected thanks to their color.
The volume of cleaning solution
dragged out in this way can be easily
determined by colorimetry.

Yet another variant of this dye test
can be carried out by dyeing the
cleaning solution yellow, using a color
that is totally insoluble in the oily
phase. Magnetic stirring is applied,
and, in the presence of the finely
divided blue-colored droplets, a com-
plementary green color is seen in
solution, at times only transiently. As
soon as the stirring is stopped, this
vanishes. Cleaning baths not suitable
for practical use are those in which the
blue oily phase rapidly separates from
the yellow aqueous phase, rising to the
surface.

Emulsion-type baths tested in this
way give a milky cloudiness with a
green-colored emulsion; high-capacity
baths, in contrast, give a totally trans-
parent green solution that is stable for
extended periods of time. Only when
such baths have reached maximum oil
uptake capacity does a discrete blue-
tinted upper layer form on the surface.

High-capacity cleaning baths that
contain emulsifying agents, solution
promoters and hydrotropic substances
must first be tested to determine
whether they are capable of solubil-
izing dyestuffs that are normally insol-
uble in water.

Lutter!® suggests that the dyestuff
tests described above are close to
actual conditions, and in addition re-
quire little time or materials to carry
out. They provide insights into -the
behavior of cleaning baths and also of
specific lubricants or pastes used in
processing.

Clock Reaction for Copper and
lts Alloys

Granata et al.” described a simple
method, albeit one that is only useful
for copper and its alloys. This is based
on the so-called “clock reaction.”
Such reactions, well known to chem-
ists, are homogeneous solution reac-
tions exhibiting a measurable induc-
tion period. Strictly speaking, such

reactions might better be described as
“alarm clock’ reactions because, to
the outside observer, nothing appears
to happen until the ““alarm goes off,”
when there is, for example, a color
change. In this case, a solution is made
up with 0.025M sodium polysulfide.
This is formed by dilution of a 2.66M
stock solution. The copper sample is
placed in a Petri dish, and the cleanli-
ness is related to the time taken for the
sample to turn black; the cleaner the
sample, the shorter the time. Granata et
al.?% quote times of 16 sec for freshly
abraded copper, increasing to 40 sec
after such samples have been exposed
to the atmosphere for four days. For-
mation of oxides on the surface (e.g, by
heating in air at 100° C for 6 hr or
immersion for a day in sodium hydrox-
ide) increases the times to blackening
to 75 and 585 sec, respectively. As an
alternative to color change, Granata et
al. describe how a potentiometric
measurement may be carried out using
a saturated calomel reference elec-
trode.

Spreading Wetting Test

Jones? rightly describes the water-
break test as a “go, no-go” procedure
and offers an alternative suggestion. A
series of solutions are made up, rang-
ing from 80% ethanol and 20% deion-
ized water to one with 1% ethanol and
99% water. These solutions exhibit a
range of surface tension from 24.5
(corrected for variations in specific

gravity) to 66 dyne/cm. Above this,

solutions of potassium carbonate are
used to produce (800 g/L) a solution
with 101 dyne/cm. By application of a
drop of each solution and examination
to see whether it forms a bead or a
wetting film, surfaces can be “cali-
brated” with regard to their surface
energies.

Another description of the same
approach is that by Renaud?’ who uses
arange of six liquids of varying surface
tension. A known, small volume of
each liquid is dispensed (5 pl) from a
microsyringe, and the degree of spread
is observed. Renaud rightly makes the
point that the results of this type of test
will depend on whether there is any
physical or chemical reaction between

‘the test liquid and the film (if any) on

the surface. A further exposition of the
method has been given by Cohen and
Hook,!7 and Bystry and Penn? have

also described the use of the method.

Other Simple Methods

Pollack and Westphal?0 list most of
the above methods and others as well.
These include the following:

1. Gravimetric test—one of the least
sensitive.

2. Mears test (Elms modification).

Single drops of an aqueous solution

containing 32 ml/L of 30% hydro-

gen peroxide are applied to a sur-
face, and the time taken for corro-
sion to appear is measured. The test
is described as ‘‘not very satisfac- -
tOI'y.”

Simple contact angle test.

4. Oil spot test. A droplet of degreasing
solvent is applied to the so-called
clean surface and then evaporated.
Formation of a ring suggests the
presence of oil.

5. Rock Island drop test. Distilled
water droplets are allowed to fall
from a specified height onto the test
surface. The method is said to
distinguish between a clean surface
and one soiled with a 0.01% oil
solution.

6. Ring test. A drop of water is formed
on the ring of a surface tension
tester, and this ring is then lowered
to contact the test surface. The
process is repeated, and the number
of such contacts required to transfer
all of the water is noted.

7. Kerosene viewing of water break. A
wetted panel is dipped into a beaker
of kerosene lit from below. Near
water breaks are displaced by kero-
sene, giving a sensitivity better than
the usual water break. The sensitiv-
ity is said to be equal to or better
than the atomizer test.

w

Of the simple methods that Linford
and Saubestre tested and compared,
they concluded that the ranking of
sensitivity -was atomizer > fluorescent
dye > spray pattern (water break) >

~ potassium ferricyanide dip > copper

sulfate dip. Linford and Saubestre’s
work, which is too extensive to repro-
duce or even summarize here, provided
comparative data not only for the
various methods cited above but, in a
second classification, in terms of the
type of grease used to contaminate the
surface of the metal (e.g., animal or
mineral in origin).
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Table . Sensitivity of Test Methods

Method Minimum Detectable Residue (g/m?) Relative Sensitivity
Fluorescence 0.225 1
Water break 0.022 10
Radiotracer 0.002 110

MORE COMPLEX METHODS

Included here are techniques that do
call for some instrumentation, although
they require no very expensive equip-
ment.

Radiotracer Method

Radiolabeling was a technique very
widely studied and favored from the
1950s onward, when radioactive iso-
topes first became available. There are
probably hundreds of publications
(see, e.g., Chapter 21 in ref. 29) in
which the adsorption of organic spe-
cies on a metal surface has been
studied. If the first such studies were
made in the United States in the 1950s,
the great bulk of subsequent work
emanates from the Eastern European
countries, and although the method
appears to have fallen out of favor in
the West, it continues to be used in
Eastern Europe. The increasing availa-
bility of radioisotopes explains the rise
in popularity of the method. The
subsequent tightening of legislation
and regulations governing the use of
radioisotopes in laboratories and in
industry explains why the method has
largely fallen from favor. Indeed, it
would not be far from the truth to
suggest that for these reasons the
method is now only of interest for
historical reasons and for very special-
ized research. As a method for routine
industrial use it is fair to state that the
procedural requirements involved in
the use of radioisotopes make the
method more trouble than it is worth.
In this spirit, it is worth reproducing
the data shown in Table 1.2

Radiotracer methods had a brief
revival in popularity in the form of the
evaporative rate analysis method used
to characterize the cleanliness of razor
blade edges. The essence of the method
was to determine the rate at which a

test liquid containing a radiotracer

element evaporated from the metal
surface. As little as 0.02 pg/cm? of oil
could readily be detected in this way.
Typical radiotracers were n-tridecane
(with carbon-14) or 1,1,2,2-tetrabro-

moethane. Solvent carriers were cy-
clopentane, straightforward freons or
freons with 10% chloroform. The es-
sence of the method is that, by interac-
tions and mutual solubility, the pres-
ence of grease on the surface can
inhibit the rate of evaporation. A
method was described at length by
Andrade and earlier by Hamilton.3!

Measurement of Contact
(Surface) Potential Difference

Guttenplan? describes the surface
potential difference method, which,
unfortunately, once again uses a radio-
active source. In this case, the radioac-
tivity is used to initiate ionization. The
probe is placed some 1-10 mm above
the test surface in air, and the potential
difference is electrometrically meas-
ured using a high-impedance instru-
ment. The basis for the method is the
effect that surface films have on the
electronic work function of a metal
(energy required to withdraw an elec-
tron). In his report, which also cites use
of the method to characterize alumi-
num after conversion coating, Gutten-
plan compares its sensitivity with the
water-break test, finding it easily capa-
ble of detecting films that were not
shown by the water-break test. The
report describes plans to develop a
commercially available instrument, but
it is not known whether this was ever
produced.

Another variant of this method—
electrostatic charge decay—imeasures
this quantity and also contact potential
difference. It was developed for use on
the space shuttle to check the cleanli-
ness of the aluminum surface on the
fuel tanks and has been described by
Cibula et al.33

Combustion Methods

By introduction of a sample of metal
to a furnace and passage of oxygen
over the surface, oily matter is oxidized
to carbon dioxide and water. The
former species is determined by one of
a number of analytical methods. To
ensure complete combustion to carbon
dioxide rather than the monoxide, a

catalytic stage is included (e.g., using
silver wool and barium chromate). A
description of the method with typical
data, .including reproducibility, was
published by Kresse et al.3* The tech-
nique is not overly sensitive; 5-25
mg/m? was used in this particular
work. Oxidation times are typically 15
min and oxidation temperatures ap-
proximately 600°C. The criticism has
also been made that soils not contain-
ing carbon pass undetected by this
method.

Cohen® describes a variant of the
method used by the Ford Motor Co. as
follows. A fiberglass cloth saturated
with 50% hydrochloric acid is used to
mop a 4-in. X 12-in. steel panel. After
appropriate drying, the carbon content

is determined by combustion in oxy-

gen at 400 and 600°C, the carbon
dioxide being determined in one of the
usual analytical procedures.

Contact Angle Measurements
Related to the spreading wetting
tests above, but more sophisticated in
its approach, is the actual measurement
of the contact angle of a sessile drop,
which has been mentioned by several
authors, including Cohen?’ and Rice.3

Washing Testis

A family of tests have been devel-
oped, mainly by the electronics indus-
try, in which the surface to be tested is
washed with an aqueous or nonaque-
ous solvent. The washings are then
subjected to analysis. A trenchant
criticism of this approach is that it
detects only soil that has been re-
moved, not that remaining on the
surface. In a sense, it is precisely the
latter rather than the former that is of
greatest concern. A full treatment of
this class of test is given by Ellis.!*

Analysis of Washings

The simplest method for washings
analysis is conductimetric, and this, as
Ellis describes, has formed the basis of
several commercial instruments; how-
ever, it should be clear that the pres-

ence of ionic species (acids, alkalis and ©
salts, mainly inorganic) is of greater

concern to the electronics industry than
to the majority of surface treatment
processes. That said, such contami-
nants can interfere with other surface
treatment processes, for example,
phosphating.
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OTHER METHODS

Space does not allow more than a
brief mention of other methods. Per-
haps the most useful for practical
purposes is the optically stimulated
electron emission method in which
light in the visible or UV region
irradiates the surface, and the current
resulting from emission of the stimu-
lated electrons is recorded. The method
has been described by Chawla®? and is
of special interest because it is the only
“modern” instrumental method not
involving major financial investment.
The use of attenuated total reflection in
the infrared region can lead to identifi-
cation of the actual contaminants. The
surface insulation resistance method is
best carried out using a standardized
“maze” pattern of electrically con-
ducting tracks on an insulating sub-
strate. This is formed by the normal
methods used in fabrication of PCBs.
Then, too, there are the methods using
scanning electron microscopy (ena-
bling density of resident particles to be
counted) as well as analytical methods
such as Auger electron spectroscopy or
electron spectroscopy for chemical
analysis. These can, of course, allow
inferences to be drawn as to the nature
of the surface contaminant, but their
use is limited to the largest organiza-
tions that have such equipment in-
house. :

CONCLUSIONS

This report will serve to give some
idea of the wide range of test methods
for assessing surface cleanliness devel-
oped over the years, although it does
not claim to be exhaustive. How is a
prospective user to choose among
them? Clearly, they can be ranked in
terms of the cost of equipment or
instruments required to carry out such
tests. Then, too, the nature of contami-
nation will affect the choice. Particu-
late soils are not suited to some of the
methods described above, and even in
terms of oily layers the nature of the oil
can be important. The same questions
affect the issue of test sensitivity.
Linford and Saubestre carried out tests
in which the sensitivity of some of the
simpler methods was compared. What
is undoubtedly true is that the ever-
decreasing cost of computer-linked
optical scanners or cameras should
prompt a reassessment of the methods

that previously relied on superimposi-
tion of grids to derive a quantitative
result. And, most certainly, such is the
diversity of methods available that no
metal finisher should be able to offer
any excuses for processing poorly
cleaned work.
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